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Pt–Sn/Al2O3 catalysts were prepared using two different meth-
ods, namely, by “traditional” coimpregnation with H2PtCl6 and
SnCl4 and by a “new” method in which the bimetallic complex
precursor [Pt(NH3)4][SnCl6] is prepared on the support. Their cata-
lytic activity and selectivity in n-hexane reactions were studied as
a function of the hydrogen pressure (60–480 Torr) and compared
with those of monometallic Pt/Al2O3 catalysts using H2PtCl6 or
[Pt(NH3)4]Cl2 as Pt precursors. Pt/Al2O3 ex [Pt(NH3)4]Cl2 showed
very low dispersion and exhibited high selectivity in reactions at-
tributed to multiatomic ensembles. The results with bimetallic cata-
lysts can be rationalized in terms of two phases being present, a PtSn
alloy phase plus Pt in fine distribution. The “new” Pt–Sn/Al2O3 from
the bimetallic precursor contains the two metals in a better disper-
sion, resulting in a larger number of atomically dispersed surface Pt
active sites. This catalyst gave more isomers (and methylcyclopen-
tane) and fewer fragments and less benzene than the “traditional”
sample. The “new” Pt–Sn/Al2O3 sample possessed good long-term
stability. The “traditional” sample lost some of its activity and its
high hydrogenolysis selectivity during long use; i.e., it approached
the catalytic properties of the “new” sample. Both samples are po-
tential candidates as catalysts with high isomerizing and low aro-
matic selectivities (up to 75% isohexanes plus methylcyclopentane
as opposed to a maximum of 20% benzene). The results could be ex-
plained sufficiently with a geometric model, electronic interactions
playing a less important role in the catalytic phenomena observed.
c© 1997 Academic Press

INTRODUCTION

A number of promoter metals (e.g., Re, Sn, Ir) have been
used as additives for naphtha reforming Pt catalysts to in-
crease catalyst lifetime by hampering coking and/or to im-
prove selectivity of desired products (1, 2). Some of the
additives have catalytic properties on their own (Re, Ir)
while others are catalytically inactive (Sn). Tin added to Pt
catalysts for naphtha reforming may be a good candidate
for shifting the reforming selectivity toward nondegrada-

1 On leave from Fachhochschule Ostfriesland, D-26723 Emden,
Germany.

tive products, in particular, isomerization, rather than to the
production of aromatics, which become undesirable com-
ponents in commercial naphtha.

Sn can modify the stability and selectivity of the Pt func-
tion in two ways (3–13):

1. By an “ensemble effect”: Tin decreases the number
of contiguous platinum atoms, tin atoms dividing the plat-
inum surface into smaller ensembles (1). By doing so, mul-
tipoint adsorption of hydrocarbon molecules on the surface
is hampered; thus, hydrogenolysis and deactivation by coke
deposition can be reduced (4–8);

2. By an “electronic effect”: Tin changes the electronic
environment of Pt atoms (1–13). Parera et al. (13) proposed
that this type of interaction between Pt and the additive
results in more electron-deficient Pt atoms, which influence
markedly the adsorption–desorption steps of the catalytic
reaction.

The proper explanation of the role of tin in Pt–Sn/Al2O3

catalysts is closely related to the chemical state of Sn. Both
are still under debate. It is likely that the results reported so
far depend also on the catalyst preparation, pretreatment,
experimental techniques applied, and parameters studied.
One has to recall the statement of Burch and Garla that
there is no geometric effect without electronic interaction
(11). This statement is in agreement with the results of
Palazov et al. (14), who also concluded that both electronic
and geometric effects are important and were in close rela-
tionship in Pt–Sn/Al2O3 catalysts.

Biloen et al. (15–17) examined the role of second met-
als added to Pt in n-hexane conversion. Tin increased the
stability of the catalyst and reduced coke deposition. Temp-
erature-programmed reduction (TPR) studies suggested
that the zero-valent Pt and Sn atoms formed during reduc-
tion are in intimate contact and pointed to the presence of
true platinum–tin alloys or bimetallic clusters. The catalyst
was not homogeneously alloyed: it contained free Pt and
Pt-rich and Sn-rich alloys as well (16). They put forward
the ensemble model based on the rather drastic changes
observed in the selectivity: tin would act accordingly by
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dividing the platinum surface of Pt/alumina and Pt/SiO2

catalysts into ensembles of one to three platinum atoms
(15). Their basic explanation for the ensemble effect was
that alloying Pt with Sn suppresses all the reactions that
require relatively large Pt ensembles, but it does not affect
(de)hydrogenation, which Biloen et al. (17) attributed to
monoatomic active sites.

Burch and Garla (10, 11) stated that Sn(IV) was reduced
only to Sn(II). They attributed the altered Pt properties to
a change in the electronic properties of small Pt crystallites
containing Sn(II) stabilized by its interaction with alumina
or to a few percent of metallic Sn incorporated as a solid
solution in Pt rather than as an intermediate stoichiometric
alloy (18).

Some X-ray photoelectron spectroscopy (XPS) stud-
ies pointed to the presence of tin predominantly in the
oxidized state in Pt–Sn/Al2O3 (19–21). On Pt–Sn/SiO2, how-
ever, large amounts of Sn0 were present (21). A tin alu-
minate eggshell surrounding the Al2O3 particles was sug-
gested as the support of Pt particles (19). Li et al. (22, 23)
reported that a portion of tin was present in the Sn0 state
but they could not prove the presence of PtSn alloys; how-
ever, the same group detected the presence of an interme-
diate PtSn alloy with a stoichiometry of Pt/Sn= 1 : 1 by in
situ X-ray diffraction (XRD) (24). Mössbauer studies (25–
28) provided evidence for the formation of PtSn alloys and
highly dispersed particles containing Sn in the +IV, +II
and zero states. In addition to Sn–O–Pt bonds (21), the role
of Sn–Cl–Al2O3 interactions was stressed (27). A catalyst
preparation method using a surface reaction between Pt–H
and tin alkyls was found to produce predominantly PtxSn
alloys (28). Srinivasan and Davis (29) studied the phase
composition of 1% Pt/SiO2 with increasing amounts of Sn
added and found alloy formation with Sn exceeding the ra-
tio Pt : Sn= 3 : 8 only. No single structure could be ascribed
to all catalysts with various Pt : Sn ratios.

Lieske and Völter (30) studied Pt–Sn/Al2O3 catalysts (0.5
and 1.0 wt% Pt, 0.3–1.2 wt% Sn), by using TPR and adsorp-
tion of oxygen and hydrogen. Their main conclusion was the
coexistence of Sn in various chemical states: a minor part of
tin was reduced from +IV to the zero state and this latter
one formed an alloy with Pt. The major part of the tin was
reduced to a+II state which was stabilized by alumina. The
PtSn alloy formed two-dimensional clusters on the alumina
surface, surrounded by Sn(II) species. The amount of al-
loyed tin as well as the percentage of Sn in the alloy phase
increased with increasing total tin content.

Joyner and Shpiro (31) proposed that the surface mono-
layer of the active particles should consist of platinum, the
additive being located in the immediate subsurface layer,
where its concentration will be enriched. The primary in-
fluence on Pt properties would accordingly be an electronic
interaction between these two layers, as opposed to the “en-
semble” or “ligand effects” (3). In this case the hydrogen

adsorption ability of Pt with a tin underlayer should de-
crease.

Earlier we reported (32) differences in physical and cata-
lytic properties between Pt–Sn/Al2O3 samples prepared by
using different precursors. Catalyst T was prepared by “tra-
ditional” coimpregnation and catalyst N by using a new pre-
cursor, [Pt(NH3)4][SnCl6]. The formation of this bimetallic
precursor could be proven by indirect methods only. Its
platinum analog, the green Magnus salt [Pt(NH3)4][PtCl4],
was formed on alumina support when the complex cation
was introduced first, since when [PtCl4]2− anion was
introduced first, it rapidly exchanged its Cl ligands with
O in the support (33a). The same was observed when
one Pt was replaced by Ir (33a). The interaction of SnCl4
with alumina is much more rapid and competes with its
interaction with the platinum cation. Nevertheless, EXAFS
studies provided indirect evidence for the formation of
the bimetallic complex precursor of catalyst N (33b). Re-
duction produced a mixture of Pt clusters and some PtSn
alloys. Near the Pt clusters tin was in the zero oxidation
state covered with tin oxides and traces of chlorine.

Catalysts from different precursors were also probed by
other experimental techniques:

—TPR studies showed a deeper tin reduction for cata-
lyst N.

—Microscopic examinations revealed larger crystallite
size for catalyst N.

—Ex situ XRD performed with samples containing
higher loading (2 wt% Pt and atomic Pt/Sn ratio= 1/1) dis-
played the presence of a stoichiometric PtSn alloy (33b).

—Catalytic measurements showed higher turnover fre-
quency (TOF) values for ring opening of cyclopentane and
dehydrogenation of cylohexane over catalyst T than on
catalyst N (32).

As a conclusion of both structural and catalytic studies,
a more intimate contact between Pt and Sn atoms seemed
to determine the structure and activity of the centers of
catalyst N reduced from a bimetallic complex precursor.
Further studies (33c), including Mössbauer spectroscopy,
XRD, EXAFS, and temperature-programmed methods of
a similar sample, confirm this statement.

The present study reports detailed results on both cata-
lysts, mainly on the effect of hydrogen pressure on cata-
lytic properties in skeletal reactions of n-hexane. These
catalysts are compared with monometallic Pt/Al2O3 sam-
ples prepared using the same platinum precursors as in
the preparation of bimetallic ones. The main tool to be
used is the catalytic runs as a test method to be able to
probe the active centers themselves. Skeletal reactions of
n-hexane include isomerization, C5 cyclization, aromati-
zation, and hydrogenolysis and are accompanied by de-
hydrogenation to hexenes (34). The selectivity of these
reactions can be characteristic of the active ensembles
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available and their relative importance depends also on
the hydrogen pressure (35, 36). A well-characterized
(37) standard Pt/SiO2 catalyst, EUROPT-1, was used for
comparison.

EXPERIMENTAL

Catalysts

One of the Pt–Sn/alumina catalysts (N) was prepared
by wetness impregnation using a new bimetallic precur-
sor, [Pt(NH3)4][SnCl6], prepared in the pores of the sup-
port [cubic γ -alumina, Rhone–Poulenc GFS-400, see also
in Ref. (32)]. The impregnation procedure involved two
steps: the alumina was impregnated in the first step with
Pt(NH3)4Cl2 ·H2O and in the second step, with SnCl4· 5H2O
in HCl solution. After each step it was dried at 353 K and
finally overnight at 393 K in an oven. The other catalyst
(T) was produced with the traditional coimpregnation tech-
nique using a mixture of H2PtCl6 and SnCl4. After drying,
the impregnated alumina was left overnight at 393 K in an
oven.

The effect of tin was examined by comparing the
Pt–Sn/Al2O3 catalysts with Pt/Al2O3 samples prepared with
the same platinum compounds as the precursors (PN for
Pt(NH3)4Cl2 ·H2O and PT for H2PtCl6, respectively).

Catalyst Characterization

Table 1 summarizes some characteristics of these cata-
lysts. Platinum dispersion was determined by hydrogen
chemisorption (HC) and also by oxygen titration (OC)
and hydrogen titration (HT) using H2 and O2 pulses. The
HC/OT/HT stoichiometry was 1/1.5/3. Both chemisorption
and titration results gave the same dispersion value. As
the relative error of titration was smaller, its values were
used for TOF calculations. Excess oxygen consumption in-
dicated slow oxidation of the oxidizable tin component;
hence, stabilized stoichiometry was reached only after a
few O2–H2 cycles. The stabilized values could be attributed
to the oxygen–hydrogen chemisorption occurring only on

TABLE 1

Characterization of the Catalysts

Catalyst Type Pt (wt%) Sn (wt%) Dispersion (%)

EUROPT-1 Pt/SiO2 6.3 0 60a

PN Pt/Al2O3 1.00 0 ∼1.3
PT Pt/Al2O3 1.00 0 43.5
N Pt–Sn/Al2O3 0.48 0.31 18.3
T Pt–Sn/Al2O3 0.52 0.24 60.6

a This value measured in the present experiments agrees well with
the widely accepted value for EUROPT-1, although some measurements
from the original Eurocat group were higher, up to 100%. See review in
Ref. (37).

the Pt component. Results obtained at 393 K agreed with
those determined at room temperature. A TPR study of a
sample with 1.5% Pt loading (Pt : Sn atomic ratio 1 : 1) to
be reported separately (33c) showed that most of the re-
duction was completed up to 573 K. Tin was not reduced
completely in this procedure.

Catalytic Runs

The reactions of n-hexane were studied in a closed cir-
culation loop reactor with a volume of ∼200 ml (35). The
catalysts were first heated to 623 K (∼20 K/min) in circulat-
ing H2 at 120 Torr and were kept there for 1 h using a liquid
nitrogen-cooled trap to freeze out water given off during
removal of any oxygen from the catalyst surface. The loop
was then evacuated and filled with a mixture of 10 Torr
n-hexane reactant and hydrogen at different pressures
(60, 120, 240, 360, or 480 Torr). The overall activity and
product composition at 603 K were the same before and af-
ter runs at higher temperatures; hence, any marked changes
of catalytic properties on heating and cooling in H2 can be
excluded.

Samples were taken mostly after 5 min reaction time but
runs up to 240 min were also carried out. The temperatures
of the reactions were 603 and 663 K. After the run was com-
pleted, the catalysts were regenerated at reaction temper-
ature by the following procedure: evacuation, circulating
air (100 Torr, 3 min), evacuation, and introduction of H2

(100 Torr, 10 min). This treatment was carried out before
starting the experiments every day, at the corresponding
reaction temperature.

Analysis

Products (from methane up to benzene) were analyzed
with a 50-m CP-Sil 5 glass capillary column.

Data Processing

When processing catalytic results, the product yields were
calculated directly from analysis results. By normalizing
them to total conversion= 100%, we obtained the prod-
uct distribution. Selectivities were corrected for the mole
number increase for fragments, i.e., expressed as moles of
n-hexane transformed. Selectivities were also plotted as a
function of conversion (35, 38). We also calculated the num-
ber of converted moles of n-hexane. Relating this value to
unit mass Pt, overall activities were obtained. Rates were
obtained by dividing the amount of hexane consumed by
the length of the run. This time average was also used in
longer runs rather than the more correct integration of dif-
ferential rates. Specific activities (molecules per unit surface
Pt per hour, i.e., TOF values) were calculated the same way
and were related to the number of surface Pt atoms, as de-
termined from the above dispersion values.
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RESULTS

1. Monometallic Pt Catalysts: Pt/Al2O3 and EUROPT-1

These catalysts were compared at 603 K. Higher hydro-
gen pressures gave higher overall activity values (Fig. 1) on
all catalysts studied. The overall activity of catalyst PT is the
highest, but those of catalysts PN and T are close to it. The
yields were in most cases around 10 to 15%, the maximum
not exceeding 35%. Even in this latter case, n-hexane pres-
sure dropped to 6.5 Torr from the initial 10 Torr. This dif-
ference between the initial and final pressures was not con-
sidered as influencing the time averaging markedly. TOF
values calculated from dispersion data (Table 1) are shown
in Fig. 2, omitting catalyst PN where these data must be
rather uncertain due to the very low dispersion measured.

The yields on both catalysts increased at higher hydro-
gen pressures and remained in the same range (see caption
to Fig. 3). Catalyst PN showed much lower hydrogenoly-
sis selectivity than catalyst PT (Fig. 3). The selectivity of
isomers increased at higher hydrogen pressures at the ex-
pense of methylcyclopentane on both Pt/Al2O3 catalysts.
This agrees well with previously reported experience with
EUROPT-1 (35, 36). Most benzene was produced at low hy-
drogen pressures, as also on EUROPT-1 and Pt-black (36).
At higher hydrogen pressures catalyst PN (with the largest
crystallites) exhibited higher aromatization selectivity
(26–16%, as opposed to 18–12% on PT), and hydrogenol-
ysis also was more pronounced on PT (up to 50% vs up to
30% on PN).

Increasing the hydrogen pressure caused a monotonic
decrease in alkene selectivity over all Pt catalysts, dehydro-
genation becoming insignificant at higher hydrogen pres-
sures. Catalyst PT had slightly higher dehydrogenation se-
lectivity at low hydrogen pressures than PN.

FIG. 1. Overall activity (moles of haxane transformed per unit mass
Pt per hour) as a function of hydrogen pressure. T= 603 K.

FIG. 2. Turnover frequency (molecules of haxane transformed per
surface Pt atom per hour) as a function of hydrogen pressure. T= 603 K.

2. Pt–Sn/Al2O3 Catalysts

2.1. Activity and selectivity. Adding tin to Pt/alumina
decreased the overall activities (Fig. 1) as compared with
the parent monometallic sample (T vs PT and N vs PN).
On the other hand, TOF values of the bimetallic samples
were slightly above the analogous values for monometallic
supported Pt catalysts (Fig. 2).

Plotting the selectivities as a function of overall conver-
sion (38) should reflect their changes with progressing reac-
tion, i.e., should reveal the formation of secondary products.
Figure 4 shows that primary alkenes were transformed in
further reactions, mainly to aromatics but other products
are not excluded. The formation of isomers from methyl-
cyclopentane is another secondary reaction; otherwise the
selectivities are fairly stable within a rather wide range of
conversion.

Based on this observation, we trust that plotting selectivi-
ties as a function of hydrogen pressure at constant sampling
time (5 min) can give reliable information on their hydro-
gen pressure dependence (Fig. 5). The overall conversion
increased more steeply when p(H2) increased from 60 to
120 Torr. A further p(H2) increase caused a slower increase
in n-hexane consumption (see W values in Fig. 1, strictly
proportional to the conversion).

The hydrogenolysis selectivity of Pt–Sn/Al2O3 cata-
lysts was much lower than that of monometallic Pt cata-
lysts. Higher hydrogen pressures enhanced hydrogenolysis
markedly on Pt catalysts, but fragmentation selectivity in-
creased only slightly with hydrogen pressures on both Pt–Sn
samples. These latter samples produced more isomers and
methylcyclopentane. The selectivity curves of isomers and
MCP cross over with all catalysts. Of individual isomers,
methylpentanes (MP) were present in the largest amount
together with a small fraction of 2,3-dimethylbutane (2,3-
DMB). The low values of the ratio 2,3-DMB/MP decreased
with increasing hydrogen pressure (Table 2). At the same
time, the ratio 2-MP/3-MP increased, approaching and even
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FIG. 3. Selectivities of individual products from n-hexane as a function of the hydrogen pressure on monometallic Pt/Al2O3 catalysts at T= 603 K.
(a) Catalyst PT (“traditional”). Overall conversions: ∼5% at p(H2)= 60 Torr, ∼16 to ∼22% at higher hydrogen pressures. (b) Catalyst PN (“new”).
Overall conversions: ∼3% at p(H2)= 60 Torr, ∼8 to ∼18% at higher hydrogen pressures.

exceeding the value of 2 (Table 3). Both values were rather
similar to those observed over EUROPT-1. The aromati-
zation selectivity of catalyst N is also inferior to that of
sample PN. On catalyst T, on the other hand, more ben-
zene was formed than on catalyst PT. More benzene was
formed at low hydrogen pressures over all Pt/Al2O3 and
Pt–Sn/Al2O3 catalysts, the lowest and highest selectivities
differing by a factor between 1.5 and 2. Olefin production
became insignificant at increasing hydrogen pressures over
all catalysts.

The distribution of fragments obtained on both Pt–Sn/
Al2O3 catalysts is shown in Fig. 6 (total amount of prod-
ucts formed= 100%). Catalyst N produced a rather pro-
nounced methane excess at all hydrogen pressures. Much
lower maxima are seen at C3 and C5 and the relative amount
of all fragments is rather insensitive to hydrogen pressure.
Catalyst T, in turn, gave more fragments but the corre-

FIG. 4. Selectivity of individual product groups (S) as a function of overall conversion (X). T= 603 K, p(nH)= 10 Torr, p(H2)= 120 Torr.
(a) Catalyst T. (b) Catalyst N.

sponding amounts of C1 and C5 were much closer and
a significant amount of propane was also formed. Split-
ting to give C2+C4 was not favored at any hydrogen
pressure.

2.2. Long-term activity and selectivity patterns. Contin-
uing the runs for ca. 4 h, the selectivity of benzene, iso-
mers, and fragments increased. More fragments and ben-
zene were produced over sample T, as opposed to more
pronounced MCP and isomer formation on catalyst N. Re-
sults obtained at 603 K are shown in Table 4. Isomers and
fragments are also formed from primary products (such
as methylcyclopentane), whereas olefins transform to give
benzene. Aromatics and fragment selectivities were some-
what higher and that of saturated C6 products lower on
monometallic Pt/Al2O3 samples prepared with the “new”
precursor (PN and N).
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FIG. 5. Selectivities of individual products from n-hexane as a function of the hydrogen pressure on bimetallic Pt–Sn/Al2O3 catalysts at T= 603 K.
(a) Catalyst T (“traditional”). Overall conversions: ∼13% at p(H2)= 60 Torr, ∼19 to ∼36% at higher hydrogen pressures. (b) Catalyst N (“new”).
Overall conversions: ∼5% at p(H2)= 60 Torr, ∼11 to ∼18% at higher hydrogen pressures.

Several deactivation+ regeneration cycles decreased the
overall activity of catalyst T to a higher extent than that of
catalyst N (Fig. 7, Table 5). Parallel to a rather marked
drop in the overall conversion, the selectivities were also
shifted after several regenerations. The direction of selec-
tivity changes was the same with both catalysts (Table 5).
The relative changes, however, were markedly different:
catalyst T lost much more of its originally high fragmenta-
tion activity and approached the selectivity pattern of cata-
lyst N after a few dozen regenerations. Benzene selectivity
was rather stable and the sum of C6 saturated products in-
creased slightly at the expense of fragments.

The runs between the test measurements shown in
Table 5 included several experiments with various dura-
tions, hydrogen pressures, and temperatures; they are the
results presented in various tables and figures.

3. Temperature Effects on Selectivities

Our earlier publication (32) revealed that most marked
differences between the activities of the two preparation
methods were observed at higher reaction temperature.

TABLE 2

Ratio of 2,3-Dimethylbutane/Sum of Methylpentanesa

p(H2) (Torr)

Catalyst T (K) 60 120 240 360 480

EUROPT-1 603 0.08 0.04 0.04 0.01 0.01
N 603 0.07 0.03 0.01 0.007 0.005

663 0.16 0.12 0.08 0.07 0.03
T 603 0.10 0.05 0.03 0.01 0.01

663 0.18 0.16 0.10 0.05 0.04

a Sampling time= 5 min, p(n-hexane)= 10 Torr.

To complement the experiments reported earlier at one
sampling time, we plotted the selectivity vs conversion
(S–X) curves (38) at this higher temperature, too. Figure 8
shows olefins as probably the most abundant primary prod-
ucts, together with MCP, benzene, and, probably, fragments
(even though no low conversion value could be presented
with catalyst T). Fragments and benzene may have been
formed in secondary reactions, too. Isomers also decom-
pose (mainly to fragments) at large conversions, X> 60%.
The hydrogenolysis pattern after 100-min runs were rather
similar to those shown in Fig. 6 for catalysts T and N,
respectively.

The selectivities as a function of hydrogen pressure at
663 K on both monometallic and bimetallic samples are
shown in Fig. 9. Raising the temperature enhanced ben-
zene and olefin selectivities. The monometallic catalyst of
the “new” preparation showed the highest aromatization
ability, parallel with the lowest hexene formation. The frag-
ment selectivity was surprisingly low over both Pt–Sn/Al2O3

samples. Isomer and MCP selectivities did not increase.
MCP on bimetallic catalysts was the only product showing

TABLE 3

Ratio of 2-Methylpentane/3-Methylpentanea

p(H2) (Torr)

Catalyst T (K) 60 120 240 360 480

EUROPT-1 603 1.47 1.82 2.10 2.26 2.31
N 603 1.44 1.84 2.07 2.18 2.25

663 1.31 1.28 1.44 1.30 1.60
T 603 1.47 1.76 1.87 2.00 2.00

663 1.31 1.20 1.44 1.56 1.60

a Sampling time= 5 min, p(n-hexane)= 10 Torr.
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FIG. 6. Fragment distribution from n-hexane (normalized to6 products= 100%) at three different hydrogen pressures. T= 603 K. (a) Catalyst T.
(b) Catalyst N.

a maximum as a function of p(H2); otherwise, no dramatic
changes were observed in the hydrogen pressure sensitivi-
ties of the selectivity of other products compared with the
low-temperature plots (cf. Figs. 3 and 5). The differences
between the two temperatures can be attributed, in part, to
the enhanced thermodynamic stability of olefins.

DISCUSSION

The differences between catalytic properties can be eval-
uated in terms of a general mechanism accepted for reac-
tions over supported metals (34). At 603 K the catalysts
that we studied can be considered as monofunctional metal-
lic catalysts because the metallic function is active above
473 K but the acidic one only above 673 K (39). Thus,
metal-catalyzed isomerization reactions [via a C5-cyclic or
a bond shift route (40)], metal-catalyzed aromatization by
1–6 ring closure (41), and hydrogenolysis should be con-

TABLE 4

Selectivity of n-Hexane Reaction at Various Sampling Timesa

Sampling Product selectivity (%)
time Conversion

Catalyst (min) (%) <C6 Isomer MCP Olefin Benzene

PT 5 7 17 24 42 2 15
93 46 27 30 25 1 17

230 74 27 31 24 1 17
PN 5 8 15 31 36 1 17

100 61 25 35 17 1 22
295 86 36 31 8 ∼0 25

T 5 17 15 24 40 2 19
100 65 31 32 14 1 22

N 5 9 8 21 50 5 16
100 44 14 35 31 1 19

a T= 603 K, p(nH) : p(H2)= 10 : 120.

sidered. Metal-catalyzed aromatization probably involves
open-chain unsaturated intermediates (41, 42) and requires
ensembles of three Pt atoms of triangular symmetry (15, 34,
41). C5 ring closure and ring opening to isomers are related
reactions involving the same surface intermediate probably
attached to two Pt atoms (34, 41). Surface hydrogen avail-
ability would determine whether this intermediate desorbs
as methylcyclopentane or reacts further to isomers (34, 35,
43). Hydrogenolysis is likely to require ensembles of sev-
eral Pt atoms (44) which, according to some studies, should
have a particular arrangement (B5 sites) (45). Single inter-
nal rupture is characteristic of Pt (34, 46) but some multiple
rupture is superimposed over it, especially if the catalyst is
fresh and free from carbonaceous deposits (35, 47). It can-
not be excluded that this multiple rupture occurs on single
atom sites (perhaps corners) active in a rich hydrogen en-
vironment (35, 47, 48).

FIG. 7. Long-term stability of bimetallic catalysts. T= 603 K.
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TABLE 5

Selectivity of n-Hexane Reaction after Several Regenerationsa

No. of Product selectivity (%)
regenera- Conversion

Catalyst tions (%) <C6 Isomer MCP Olefin Benzene

T 0 30 31 22 28 1 18
6 19 16 24 39 2 19

14 15 12 25 43 2 18
32 12 9 25 48 1 17

N 0 13 12 20 45 4 19
6 10 8 21 51 4 16

14 9 8 23 51 2 16
32 9 9 23 50 1 17

a T= 603 K, p(nH) : p(H2)= 10 : 120, sampling time= 5 min.

The overall and specific activities of EUROPT-1 were
lower than those of any Pt/Al2O3 catalysts of the present
study (Figs. 1 and 2). EUROPT-1 showed an inherent abil-
ity to catalyze, first, nondegradative skeletal reactions of
n-hexane, the formation of methylcyclopentane (MCP) as
well as skeletal isomers being favored (35, 37). The selec-
tivities obtained in our experiments are in good agreement
with the results published earlier (35, 37, 47). Indeed, hy-
drogenolysis selectivities on both monometallic Pt/Al2O3

catalysts (Fig. 3) were much higher than those observed
on EUROPT-1. We attribute the lower total activity of
EUROPT-1 to hindered hydrogenolysis over this catalyst,
due, perhaps, to its particular geometry (37), exhibiting
a lower abundance of sites claimed to be active for hy-
drogenolysis, incomplete edge or corner moieties (B5 sites)
(45), as well as the low abundance of single-atom corner
sites (47, 48). This finding can be used as evidence that dis-
persion alone cannot determine catalytic activity and/or se-
lectivity. This statement does not involve the assumption
of any metal–support interaction, although such effects are
not excluded.

The poor dispersion of sample PN can be attributed to
the self-reduction of Pt by interaction with the NH3 ligands,
resulting in highly mobile intermediates. On the other hand,
the higher molar ratio of Cl to Pt in H2PtCl6, the precursor
of PT, renders the formation of Pt–O–Cl species possible.
Those have been reported to be active in Pt redispersion
on alumina (49). The sample PN behaves as one expects
from a catalyst exposing large contiguous Pt islands; i.e., it
promotes reactions requiring multiatom ensembles, such as
hydrogenolysis and aromatization (Fig. 3).

Catalyst N showed crystallites mainly in the range
10–30 Å with few units of about 150 Å (as seen by electron
microscopy) and no diffraction corresponding to any tin ox-
ide was present (50). Ex situ X-ray diffraction showed the
appearance of PtSn alloy (33b). In situ EXAFS indicated
that PtSn was stabilized at higher temperatures in an H2 at-

mosphere only (51). Air treatment from 270◦C led to oxida-
tion of a part of the Sn. Repeated reduction restored some
of the PtSn alloy structure, but the tin oxide that migrated
out of the Pt clusters was lost to the bimetallic particles
(51). Since EXAFS indicated that each Pt atom had in the
nearest neighborhood more Pt atoms than corresponded to
a pure stoichiometric PtSn phase after reduction, the par-
ticles in catalyst N should consist of a solid solution of Sn
in Pt, stable up to 8 at.% Sn (18), plus PtSn. Sn oxidized by
contact with O2 during regeneration should also be present
as separate SnO2 particles. The catalytic properties should
be attributed to Pt sites interacting with those nonplatinum
entities.

We assumed a better distribution of Sn in catalyst N on
the basis of our previous publication (32). Let us discuss to
what extent the present results confirm our preliminary con-
clusions, considering any possible electronic interactions
between Pt and Sn as well as the structural model outlined
above.

The overall activity of Pt–Sn/Al2O3 catalysts was lower
than that of Pt/Al2O3 catalysts, due to the loss of some sur-
face Pt atoms (52, 53). Tin should have been enriched to
a larger extent on catalyst N: in this case the dispersion of
Pt is smaller (18.3%) than with catalyst T (60.6%), both
having close to nominal Pt and Sn content (Table 1).

The turnover frequency of catalyst N is higher than that
of catalyst T. We assume that Pt atoms in the Pt–Sn en-
sembles in catalyst N keep their Pt-like activity to a greater
extent than in catalyst T. By stating this, we do not wish
to attribute any definite structure to “Pt–Sn ensembles” or
define “active sites” in any of the catalysts.

The selectivity pattern changed profoundly with bimetal-
lic samples. The number of larger Pt ensembles required for
hydrogenolysis (44) is obviously smaller on Pt–Sn/Al2O3

catalysts than on Pt/Al2O3 catalysts, thus confirming the di-
luting effect mentioned. Of the two Pt–Sn/Al2O3 samples,
catalyst N has the lower hydrogenolysis activity and this
confirms the smaller number of contiguous Pt islands as a
consequence of this method of preparation. The fragment
patterns of Fig. 6 indicate that catalyst N with lower hy-
drogenolysis ability produced throughout more methane.
Attributing this excess CH4 to multiple rupture on single
atom sites (48), the apparent contradiction disappears. Note
that this additional multiple fragmentation occurred also on
EUROPT-1 with sufficient hydrogen present (35), although
EUROPT-1 otherwise exhibited an exceptionally low frag-
mentation selectivity (37).

The higher selectivity of aromatization at low hydrogen
pressures over the Pt catalysts indicates the possible impor-
tance of unsaturated intermediates and the stepwise aroma-
tization pathway (41). The inferior aromatization activity of
catalyst N compared with catalyst PN can be due to the same
reason: its tin content reduces the number of three-Pt-atom
ensembles for aromatization of n-hexane (16). One has to
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recall the results that much greater amounts of hexadienes
appeared in the gas phase as intermediates of aromatiza-
tion with Pt–Sn/Al2O3 than with Pt/Al2O3, indicating the
lesser ability of their further reaction to benzene (without
desorption) on the bimetallic catalyst (54).

The increase in benzene selectivity at the expense of
olefins agrees with the assumed pathway of the primary
product hexenes reacting to aromatics (42, 43). This is nat-
urally more pronounced at 663 K (Figs. 8 and 9). Sample
PN, with the largest particles, seems to be the most active
in this process. The aromatization selectivity of catalyst T
is not inferior to that of catalyst PT, at both temperatures
studied. (Table 4 and Fig. 9). In this case the more roughly
distributed tin in T apparently did not decrease significantly
the number of active ensembles for aromatization.

At higher hydrogen pressures hydrogen-richer interme-
diates of C6 saturated products become preferred. Assum-
ing a prevailing C5-cyclic mechanism for skeletal isomeriza-
tion over all catalysts (40, 43, 55), the amount of available
surface hydrogen should determine the isomer/C5-cyclic ra-
tio, more hydrogen favoring isomerization. The cyclic path-
way is a typically metal-catalyzed reaction. The ratio of
2,3-DMB to the sum of methylpentanes was found to be
characteristic of the relative importance of acid- and metal-
catalyzed isomerization pathways (56). The cooperation
of an acidic and metallic site should result in higher 2,3-
DMB/6MP ratios (57, 58). The values in Table 2 are close
to those observed over the totally acid-free EUROPT-1.
The somewhat higher values measured at 663 K may in-
dicate the commencement of the bifunctional mechanism
at this temperature with some deactivation of the metal-
lic sites. The higher Cl content of sample T does not re-
sult in a larger amount of isomers or more dimethylbutane.
Hence the acidic isomerization pathway does not seem to
be too important, perhaps because Sn ions were found to
poison the strong acidic support sites active in isomerization

FIG. 8. Selectivity of individual product groups (S) as a function of overall conversion (X). T= 663 K, p(nH)= 10 Torr, p(H2)= 120 Torr.
(a) Catalyst T. (b) Catalyst N.

(25). The ratio 2-MP/3-MP should be close ot the statistical
value of 2 expected from a random opening of the proposed
surface intermediate, methylcyclopentane, on metallic sites
(35). Indeed, the actual values approach and even exceed
this number (Table 3). Both values show a hydrogen pres-
sure dependence, random ring opening reactions being less
pronounced at low hydrogen pressures. This was attributed
to metal–acid cooperation on Pt/zeolites (58) and to car-
bonization commencing on EUROPT-1 (35). With less hy-
drogen available, the metal surface of the catalyst contains,
indeed, more unsaturated intermediates hard to remove.
These species compete with the common surface interme-
diate of isomers plus MCP for surface hydrogen (43). The
formation of olefins is enhanced and that of MCP and iso-
mers suppressed because of the lack of available hydrogen
at the lowest p(H2) values.

The higher selectivity of C5-cyclic reactions on catalyst N
(observed with longer runs, too, Table 4) agrees well with
the two-atom ensembles proposed for this reaction as op-
posed to aromatization on three Pt atoms (15). This would
contradict the assumption of aromatization on single-atom
sites (9). The somewhat higher aromatization selectivity of
monometallic catalysts can also be due to the larger Pt is-
lands being more active also in hydrogenolysis (Table 4).
The higher dehydrogenation activity of catalyst N (Figs. 3,
5 and 9) compared with Pt/Al2O3 and catalyst T can also
be attributed to a better Pt distribution, i.e., more single Pt
atoms between Sn atoms (11).

This means that catalyst N “inherits” the intimate contact
of Pt and Sn atoms (one each in each precursor molecule).
Previous results (32) are in line with the proposal of its sin-
gle Pt sites interacting electronically with Sn atoms (9). The
structure of catalyst T, in turn, can be visualized as consist-
ing of PtSn areas as well as pure Pt islands, the latter being
responsible for the high initial hydrogenolysis selectivity. Its
long-term loss of activity (Fig. 7, Table 5) may be attributed
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FIG. 9. Selectivities of individual products from n-hexane as a function of the hydrogen pressure at T= 663 K. (a) Catalyst PT (“traditional”
Pt/Al2O3). Overall conversions: ∼5% at p(H2)= 60 Torr, ∼11 to ∼23% at higher hydrogen pressures. (b) Catalyst PN (“new” Pt/Al2O3). Overall
conversions:∼4% at p(H2)= 60 Torr,∼9 to∼26% at higher hydrogen pressures. (c) Catalyst T (“traditional” Pt–Sn/Al2O3). Overall conversions:∼14%
at p(H2)= 60 Torr, ∼20 to ∼42% at higher hydrogen pressures. (d) Catalyst N (“new” Pt–Sn/Al2O3). Overall conversions: ∼9% at p(H2)= 60 Torr,
∼11 to ∼28% at higher hydrogen pressures.

to irreversible coke accumulation or to a gradual accumula-
tion of SnO2 (produced during subsequent regenerations)
on these Pt-rich areas. Although the number of active sites
may have decreased, their nature does not change during
this process, as evidenced by the decreasing activity and
rather stable selectivity values in Table 5.

All the catalytic results can be explained adequately by
the geometric model, by assuming a dilution of the Pt en-
sembles by Sn, without making assumptions on the state
of Sn (solid solution or alloy). The Joyner–Shpiro model, in
turn, is based on an electronic interaction between a clean Pt
surface and a sublayer rich in Sn. Such interactions should
lead to Ptδ+ surface entities with decreased hydrogen ad-
sorption ability. Passos et al. (59) reported, indeed, a lower
hydrogen chemisorption capacity for Pt–Sn/Al2O3 catalysts
as compared with Pt/Al2O3 and they explained butane hy-

drogenolysis results by the geometric model. The ample
amounts of formation of C6 saturated products at the ex-
pense of hydrogenolysis and aromatization in the present
study indicated a larger amount of available sites for C6

saturated formation on bimetallic samples. It remains an
open question whether it is due to the availability of more
hydrogen on these catalysts or just to their more favorable
sites for this reaction.

Long-term deactivation (activity drop) was accompa-
nied by a much smaller shift in selectivities with both
catalysts. The most marked shift was the hampering of
fragmentation and a gain in methylcyclopentane forma-
tion without too much of an effect on benzene formation
(Table 5). This shows again that the number of active sites
may have changed more markedly than their nature. Of
the two Pt–Sn/Al2O3 samples, further transformation of
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methylcyclopentane to skeletal isomers during a long run is
more marked on catalyst T. This may be the only indication
that the more pronounced Pt–Sn interactions may have de-
creased the surface hydrogen concentration on sample N
since, of all processes studied, this reaction would demand
the most hydrogen (36). This difference is observed even
after several deactivation/regeneration cycles (Table 5).

CONCLUSIONS

1. Adding tin to Pt/Al2O3 decreases the overall activity
in hexane reactions and increases somewhat the turnover
frequency. It also modifies the selectivities: hydrogenolysis
activity of Pt–Sn/Al2O3 catalysts is much lower, while selec-
tivity of isomerization and methylcyclopentane formation
is higher.

2. Hydrogen effects are similar on all catalysts (except
for N): higher H2 pressures usually favor hydrogenolysis,
promote C5-cyclic reactions, and suppress dehydrogena-
tion, and, to some extent, aromatization.

3. Hydrogenolysis and aromatization are less marked,
on catalyst N, and dehydrogenation and isomerization are
more pronounced than on catalyst T, mainly due to a better
dispersion of Sn. The differences in fragment distribution
could also be interpreted in these terms.

4. Aromatization is more marked at 663 K; at the
same time, the low hydrogenolysis selectivity of bimetal-
lic catalysts is preserved, especially with sample N. The
monometallic catalyst prepared from the same precursor
as N (catalyst PN) has the lowest dispersion and highest
aromatization selectivity.

5. Catalyst N also had better long-term stability, the
product distribution over catalyst T approaching slowly the
values observed over sample N. This could have been due
to the deactivation of the pure Pt areas in sample T.

6. All activity and selectivity changes can be rational-
ized in terms of geometric (ensemble) effects, with Sn as a
solid solution in Pt or as a PtSn alloy diluting multiatomic
Pt sites. This statement does not exclude electronic Sn–Pt
interactions; such a phenomenon was assumed on catalyst
N (32).
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